Solid copper(I) cyanide occurs as extended one-dimensional chains with interesting photophysical properties. To explain the observed luminescence spectroscopy of CuCN, we report a series of computational studies using short bare and potassium-capped [Cun(CN)n+1] -(n = 1, 2, 3, 4, 5 and 7) chains as CuCN models. Based upon TD-DFT calculations of these model chains, the excitation transitions in the UV spectrum are assigned as Laporte-allowed π-π transitions from MOs with Cu 3dπ and CN π character to empty MOs with Cu 4p and CN π* character. Transitions between the HOMO (3dz) and LUMO (Cu 4p and CN π*) are symmetry forbidden and are not assigned to the bands in the excitation spectrum. The emission spectrum is assumed to arise from transitions between the lowest triplet excited state and the ground state singlet. The lowest energy triplet for the model networks has a bent structure due to distortions to remove the degeneracies in the partially occupied MOs of the linear triplet. The S0-T gap for the bent triplet chains is consistent with the emission wavelength for bulk CuCN.
Introduction
Organic and inorganic solid state luminescent materials are currently a subject of active research since they are potentially important in device displays. 1 Luminescent solids also have potential application in molecular sensing systems, since chemisorption of small molecules has been shown to alter luminescence behavior. 2 In reference to these applications, we are interested in the luminescence of copper(I) cyanide and its amine derivatives. 3 While CuCN luminesces at the border of the UV and the visible, the amine-bearing CuCN complexes emit in the visible region.
Nevertheless, the photophysical behavior of the CuCN-amine networks appears to be closely related to that of CuCN itself. 3 Therefore, in the present contribution we have undertaken a computational examination of CuCN.
Structurally, copper(I) cyanide is a very unusual inorganic salt. While most inorganic salts form 2D or 3D arrays, CuCN forms unidimensional polymer chains consisting of two-coordinate metal centers and bridging cyano ligands. Two CuCN phases are known. In both phases carbon and nitrogen sites are crystallographically disordered, thus the chains may be represented as -X≡X-Cu-X≡X-Cu-, where X represents disordered carbon and nitrogen atoms ( Figs 1A and 1B ). In the common (and commercial) low temperature modification of CuCN, these chains are wavy (X-Cu-X = 176.7-179.0 o and Cu-X-X = 174.0-179.4 o ). 4 Alternating rows of undulating chains are offset from one another by ca. 50 o . By way of contrast, in the high temperature form of CuCN the chains are strictly linear (X-Cu-X, Cu-X-X = 180.0 o ) and all chains are parallel to one another. 5 Metalmetal interactions are common for Cu(I) compounds; 6 such contacts are typically judged by comparison to the sum of two Cu van der Waals radii, 2.8 Å. However, the nearest Cu … Cu distances in low and high temperature forms of CuCN are ca. 3.09 and 3.78 Å, respectively. When CuCN is reacted with simple amines (L), the resulting CuCN-L products are 1D chains in which Cu is 3-or 4-coordinate. 7 Bridging diamine ligands cross-link CuCN chains to form 2D or 3D networks. 3 In many cases these networks are penetrated by independent CuCN chains which thread through the pores in the network.
As indicated above, copper(I) cyanide is a luminescent material, showing a broad excitation feature in the near UV and intense emission at the UV/visible borderline (max = 392 nm). 3c Surprisingly, CuCN luminescence has remained essentially unstudied to date. Studies in aqueous solution by Stevenson have shown photoluminescent behavior in [Cu(CN)2] -. 8 UV photoexcitation of this anion leads to an interesting range of behaviors. The primary fate of singlet [Cu(CN)2] -* is electron ejection. However, competing with this process is intersystem crossing producing a triplet state. The resulting triplet species may undergo electron ejection or react with [Cu(CN)2]to form an excimer. In the presence of certain nucleophilic species, such as halide ions or amines, [Cu(CN)2] -* reacts to form exciplexes. A number of possible photophysical causes for luminescence in Cu(I) complexes are recognized. 9 These include metal to ligand charge transfer (MLCT), halide to ligand charge transfer (XLCT), metal cluster centered transitions (CC), single metal centered transitions (MC) and ligand centered transitions (LC). Since cyanide is the only ligand in CuCN, XLCT is obviously not a valid option, and transitions of the LC type may also be ruled out since cyanide has a large band gap. The absence of close Cu … Cu contacts argues against CC transitions in CuCN. Nevertheless, even though CC behavior is unlikely in the case of CuCN itself, a number of CuCN-amine networks contain Cu … Cu of <2.8 Å. 3, 10 Transitions of CC nature should not be completely ruled out in these cases.
Elimination of XLCT, LC and CC phenomena leaves the MC and MLCT as possible
photophysical sources of luminescence behavior in CuCN. MC transitions are dependent only on the metal orbitals while MLCT is modulated by the ligand orbitals. Therefore, the question is: What role does cyanide play in the donor and acceptor states associated with CuCN luminescence? In the current study, we sought to determine the relative importance of MC, specifically 3d → (4p, 4s), and MLCT contributions in the observed luminescence behavior in CuCN using density functional theory (DFT) and time-dependent DFT (TD-DFT). The latter is an economical method for determining electronic transitions in chemical systems with an accuracy that often rivals the highest level ab initio methods. 11 TD-DFT has been applied to a number of extended π systems 12, 13, 14, 15, 16 and luminescent transition metal complexes 17 with notable problems describing CT states.
Theoretical Methods
Models of the copper(I) cyanide chains were optimized using Gaussian 03 18 at the DFT level using the SVWN, 19 BLYP, 20,21 BP86, 20,22 HCTH/407 23 and mPW1PW91 24 exchangecorrelation (xc) functionals. The copper atoms were represented by the Ermler-Christiansen relativistic effective core potential (RECP) basis set 25 modified to include the 4p contractions of Couty and Hall. 26 Basis sets for the carbon and nitrogen atoms were the split-valence triple- plus polarization functions (TZVP) representations of Dunning. 27 The potassium atoms were represented by the Hay-Wadt RECP basis set. 28 The excitation spectrum of the model chains were obtained using TD-DFT to generate all transitions to singlet states less than 5.2 eV (5.4 eV for the n = 1 chain). Optimizations and TD-DFT calculations of selected models were also performed using an extended basis set in which the Cu and K basis sets were uncontracted, a set of f-type polarization functions were added to Cu and diffuse functions were added to all atoms except K (BSII).
Results and Discussion
Geometry optimization. In this study, short bare-anionic and potassium-capped chains of CuCN are used to model the electronic structure of the solid-state material. These chains are constructed such that all Cu(I) ions are coordinated by two cyanides (Cun(CN)n+1) and constrained to cylindrical symmetry in the ground state (Dh and Cv). For the K-capped models, the counterion is added to each end of the chain to maintain a symmetric environment and to neutralize the negative charge of the [Cun(CN)n+1]complex ions. 29 The latter prevents underestimation of the electron binding energy known for anions within DFT, but may shift the excitation energies to shorter wavelengths due to the overall positive charge. Potassium was selected as the counterion because it is commonly used as a mineralizing agent for CuCN.
The fully symmetric isomers of the odd K-capped CuCN chains ({K2[Cun(CN)n+1]} + ; n = 1 (1 K ), 3, (3 K ), 5 (5 K ), 7 (7 K )) with the carbon end of all cyano groups oriented toward the center copper were optimized in using five xc functionals: SVWN, BLYP, BP86, HCTH/407 and mPW1PW91 ( Although these distances are similar, the C-K distance is ~0.15 Å longer than N-K (2.817 versus 2.645 Å). The geometries and energies of the bare anion isomers of 1 are similar to those of the K-capped system ( Table 2) . Based upon the foregoing observations it can be reasoned that the higher energy of LR and RR isomers are due to the unfavorable coordination of terminal isocyanides.
Of the ten unique n = 3 isomers (Chart 1), four are Dh (3RRLL3, 3LRLR, 3RLRL, 3LLRR) and six are Cv (3RRRR, 3RLLR, 3RRRL=3RLLL, 3LLLR=3LRRR, 3RLRR=3LRLL, 3RRLR=3LRLL). The relative energies of each of these isomers calculated at the DFT(BLYP) level for both the bare and K-capped ions are listed in Table 2 . The isomer with alternate Cu coordination spheres
is ~1.5 kcal/mol less stable than 3. Both of the symmetric isomers with terminal isocyanide linkages (3LRLR, 3LLRR) lie 21-23 kcal/mol above 3, with the alternating chain 2LRLR being ~2 kcal/mol less stable than 2LLRR. With the exception of 3RRRL, the remaining isomers each have at least one terminal isocyanide linkage and, as a result, are destabilized by ~10 kcal/mol. The 3RRRL isomer reverses the linkage of one of the central cyanides and is slightly more stable (< 0.1 kcal/mol) than the fully symmetric isomer 3.
Geometries were calculated for ten of the 36 unique {K2[Cu5(CN)6]} + isomers, those with normal cyanide linkages at the terminal positions, due to the higher relative energies obtained for the smaller model isomers containing terminal isocyanide linkages. Most of the n = 5 isomers lie 1.7 kcal/mol higher in energy than the fully symmetric chain 5. The isomer with alternating symmetric Cu coordination, 5RLRLRL, is 3 kcal/mol above 5. The lowest energy isomers are those with asymmetric coordination for all but one copper ion which has NC-Cu-CN coordination: 5, 5RRRRRL, 5RRRRLL. The stability of these isomers, as well as that of 3 and 3RRRL, demonstrate a preference for chains with minimal 'defects' in the orientation of the cyanides, a situation which is difficult to determine from the X-ray data since defects may appear at different sites in the chains, leading to disorder.
The geometries of the even-numbered bare anionic and K-capped CuCN chains [Cun(CN)n+1] -(n = 2 and 4) were optimized at the DFT(BLYP)/BSI for the isomers with terminal normal linkage of the cyanides only. The bond distances for the single isomer of the n = 2 chain (22RLL=2RRL) and the four unique isomers of the n = 4 chain (44RRRRL=4RLLLL, 4RRLRL=4RLRLL, 4RRRLL=4RRLLL, 4RLLRL=4RLRRL) are similar to those for the odd chains. As for the odd chains, there is a preference for asymmetric coordination spheres all of the copper centers but one. The isomers 4 and 4RRRLL are 1.5 kcal/mol below the two isomers having two coppers with normal cyanide linkages (Table 2) .
Excitation spectra. The UV/Vis spectra of the fully symmetric bare and K-capped [Cun(CN)n+1]chains were simulated by TD-DFT using both pure (BLYP, BP86, HCTH/407 and SVWN) and hybrid (mPW1PW91) xc functionals. Analysis of the transitions shows that the dominant bands (oscillator strength > 0.1, Table 3 (BLYP only) and Supplementary Table 2 ) are the Laporteallowed transitions between MOs of π symmetry (Fig 2) . Other Laporte-allowed transitions (- and -) have oscillator strengths at least one order of magnitude lower than those of the π-π transitions. For the n = 1 chains, the pure xc functionals (BLYP, BP86, HCTH/407 and SVWN) produce a single high intensity band (230-240 nm) within the range of the calculation. This band is consistent with the observed max for the UV spectrum of [Cu(CN)2]in solution (234 nm). 31 The hybrid mPW1PW91 xc functional obtains no transitions with oscillator strengths above 0.1 for these chains, but produces a similar pattern to those of the pure functionals in 3 K shifted to lower wavelengths by 30-50 nm (Supplementary Table 2 ).
The single band for 1 and 1 K predominantly consists of contributions from transitions from the occupied 3πg MO (HOMO−2) to the empty 4πu MO (1, LUMO; 1 K , LUMO+2). These are the highest occupied and lowest unoccupied π-type MOs. The band for 1 K also includes lesser contributions from transitions from 3πg to 5πu (LUMO+4) and 7u (HOMO−3) to the 10g MO (LUMO+1). This band has previously been assigned as MLCT, 32 but the present calculations show a significant amount of metal and cyano character in both MOs (Fig 2) . The character of these MOs may explain why the excitation bands derived from the hybrid mPW1PW91 functional are consistently lower that those of the pure functionals. Hybrid functionals generally outperform pure functionals because CT often occurs between MOs that are localized on different parts of the molecule, 11 as is often true for MLCT bands in d 6 TM complexes. 17 In each of the model CuCN chains, the donor and acceptor MOs are delocalized over the length of the chains such that extended polyenes and polyynes are a better analogy.
Within these species, pure functionals often give similar or better results than hybrid functionals so long as the excitations are not CT in nature. For example, the BLYP functional obtains better overall results in comparison to B3LYP for the Q bands of chlorophyll and the S bands of zeaxanthin, a xanthophyll. 13b In addition, the error for longest wavelength transition of H−CC−CC−H calculated using BLYP/TZVP is only 0.1 eV compared to 0.45 eV at B3LYP. 33 The hybrid functional significantly overestimates the transition energies for polyynes as in the case of our CuCN model chains. BLYP also produces better vertical singlet-triplet gaps for polyenes than B3LYP, underestimating these by ~0.2 eV. 34 The BP86 functional performs as well as B3LYP for the long-axis polarized band of a series of condensed acenes for which transitions are between bonding MOs. However, the predicted excitation energies for the shortaxis polarized band diverge due to the ionic nature of the excited state. 14 Increasing the length of the chain adds one or more excitation bands at longer wavelength (Table 3 ). The lowest energy transition for the n = 2, 3, 4, 5 and 7 chains are the excitations from the highest occupied to the lowest unoccupied π-type MO. For example, the 314 nm band for 3 and the 276 nm band for 3 K correspond to the excitation from 6πg (HOMO-3) to 7πu (3, LUMO; 3 K , LUMO+2) MO. Likewise, the longest wavelength bands in the n = 5 and n = 7 chains are 9πg (HOMO-4) to 10πu (5, LUMO; 5 K , LUMO+2) and 12πg (HOMO-4) to 13πu (7, LUMO; 7 K , LUMO+2), respectively. For the even chains, for which inversion symmetry is lost, the longest wavelength bands are 9π (HOMO-2) to 10π (LUMO+2) for 2 K and 15π (HOMO-3) to 16π (LUMO+2) for 4 K . In each of these cases, the donor MO has antibonding character between the Cu 3dπ AOs and the CN π bonds and the acceptor MO has bonding character between the Cu 4p AOs and the CN π* fragments. Additional bands arise from transitions to/from π MOs lying lower in energy than these occupied MOs or higher than these unoccupied MOs. For example, for 3 K the second intense line (240.6 nm) results from excitation from 6πu (HOMO-6) to 7πg (LUMO+3) and the third (238.6 nm) from the 6πg (HOMO-3) to 8πu (LUMO+4) transition. The lower energy occupied MOs are generally antibonding between the Cu 3dπ AOs and the CN π fragments, although some low energy MOs such as 5πg for 5 K (Fig 2) show bonding interaction between copper and carbon. The higher virtual MOs are generally bonding combinations of the Cu 4p AOs and CN π* and include contributions from the K 4p
MOs as an artifact of the capped models.
From these data, we can see that as the chain length becomes longer, the longest wavelength transition for the K-capped chains approaches an asymptotic value of 300 nm, short Fig 11A in ref 3c ). The approach of the calculated spectra to an asymptotic value is expected by analogy to the extended π systems of polyynes. 16 However, the limiting value is approached more quickly for the K-capped CuCN chains than for polyyne oligomers, for which a limit has not been reached at 24 carbon atoms. For the bare-anionic chains, additional bands are also obtained as the chain length increases, but these do not approach an asymptotic value for the model chain lengths calculated. For 7, the long wavelength π-π transitions also decrease in intensity from a maximum at the 278.8 nm band (Table 3 ). The transition between the highest occupied and lowest unoccupied π MOs is calculated to occur at ~460 nm with an oscillator strength of 0.03. Of the two model types, we believe the K-capped provide the better overall representation of solid-state CuCN because the pattern in the line intensities and the convergence to a limiting wavelength are consistent with the excitation spectrum in Fig 11A in reference 3c. The fact that the limiting wavelength is found at energies higher than those from experiment can be attributed to the overall positive charge of the chain models. The errors in these gas-phase models may also be attributed to the lack of intermolecular interactions necessarily present in the solid state.
Note that the TD-DFT calculations do not predict a significant contribution to the excitation spectrum from the HOMO-LUMO transition. The HOMOs are metal-centered MOs of  or g symmetry consisting of the in-phase combination of sdz2 hybrid AOs. For the bare anions, transitions from these MOs to the π-type LUMOs are symmetry-forbidden and the oscillator strength of the HOMO-LUMO transition is zero. The LUMOs for the K-capped chains are the asymmetric combination of potassium 4s AOs (u) such that the HOMO/LUMO transition is both symmetry-allowed(→) and Laporte-allowed(g→u), but TD-DFT assigns small oscillator strengths to these transitions. For example, the HOMO-LUMO transition for 3 K has an oscillator strength two orders of magnitude lower than the highest energy π-π transition.
The LUMO and LUMO+1, the symmetric K 4s combination, as well as the transitions to these MOs, are artifacts of the K-capped model.
Luminescence excitation in Cu(I) has variously been described as arising from MC or MLCT transitions. Let us consider how these descriptions harmonize with the relevant MOs described above. As shown in Fig 2, copper components of the highest occupied π MOs are largely 3dxz/3dyz, while those of cyanide are essentially π-bonding. The lowest unoccupied π MOs may be described as Cu 4px/4py and cyano π*. Therefore, the transition between these orbitals can be regarded as MC (3d→4p) or MLCT (3d→πCN*). However, it can also be seen as LMCT (πCN→4p) or even as ligand centered (πCN→πCN*), although this latter description is probably the least reasonable. Nevertheless, it is probably most useful to regard the excitation in CuCN as involving a combination of π-symmetry MC and CT components or simply as an intrachain π-π transition. Since electrons are excited from occupied MOs with antibonding character between the dπ Cu AOs and the π CN fragments to unoccupied MOs with bonding character between the Cu p AOs and π* CN fragments, we may expect to find Cu-cyano bonding strengthened upon excitation, while C≡N bonding would be weakened.
Emission spectra. The emission spectrum of CuCN is assumed to arise from transition from the lowest excited state triplet to the ground state. Lifetime studies of soluble Cu(I) cyano species have suggested that emission is usually a phosphorescence phenomenon. 8, 31, 32 We assume that this triplet forms through intersystem crossing from the photoexcited singlet states and do not model this process explicitly. For the K-capped chains 1 K , 3 K , and 5 K , adiabatic S-T gaps were determined using the optimized geometries (DFT/BLYP) of the lowest triplet state in the Dh and C2v point groups. Vertical S-T gaps calculated by a TD-DFT calculation generating the triplet excited states are generally similar to the linear adiabatic S0-T gaps. The C-N and N-K bond distances are slightly longer than in the ground state. Significant distortions are also found in the optimized structure of the triplet state of the [Au(SCN)2]dimer assumed to contribute to the luminescence properties of K[Au(SCN)2]. 35 The bending of the chain is consistent with a distortion to remove the degeneracies of the partially occupied 3πg and 4πu MOs which decompose as b2 + a2 and a1 + b1 in C2v symmetry (Fig 4) . The relaxation of the triplet geometry reduces the energy gap to the ground state by ~1 eV and shifts the wavelength of the predicted emission to 330 nm. The bent structure also concentrates the spin density on the central copper center (1.368), with some spin density found on the carbons of the central cyanide groups (0.271). The spin for the linear triplets is also predominately found on the central copper atom (1.307); however greater spin distribution is seen throughout the chain, especially through the entire central cyanide ligands (C: 0.153, N: 0.183). Both the linear and bent structures are well-represented by triplet densities with very little spin contamination (S 2 = 2.002).
The triplet states for 3 K and 5 K leads to similar features in the optimized structures ( Fig   5) , with the exception that the linear triplets are minima on their respective potential energy surfaces. The linear S0-T gaps shift to longer wavelengths due to the smaller band gap observed for longer chains. The bent C2v S0-T gaps are found at slightly higher energies relative to the ground state. The bent triplet was also determined for the lowest energy n = 3 chain, 3RRRL K .
The optimized structure of the 3 A' state features a bend in the chain at a terminal copper with little distortion in the rest of the chain. The S0-T gap for this structure is slightly smaller than that of 3 K (329.6 nm). In both chains, the overall length of the chain is reduced in the C2v triplet by 1.5 Å, and the bend in the chain results in a significant displacement of the central copper center from its position in the linear chain as defined by the positions of the potassium centers (see Fig 5) . Therefore, it appears that CuCN bending can indeed occur at room temperature in the solid state. However, insufficient space may be available within the crystal lattice to allow for the large distortions obtained for the bent triplet structures, but, in the solid state, distortions may not be as significant due to anchoring of the ends of the chain in the lattice. These restrictions in the movement of the chain may limit the bending to a single Cu(CN)2 unit. A reduction in the magnitude of the distortion necessarily reduces the S0-T gap and shifts the emission to longer wavelengths. Finally, relaxation of the triplet through some inter-chain interaction similar to excimer formation in solution phase is also a possibility in the solid state.
However, as the copper centers are not always aligned well for Cu … Cu interactions, inter-chain interactions may be more likely to take the form of 3-cyano bridging of copper centers.
Therefore, the role of the bent excited state triplet is speculative pending further experimentation. Nevertheless, data for CuCN-L networks may provide circumstantial support for the DFT results. We have noted that three-coordinate copper centers in CuCN-L complexes luminesce at longer wavelengths than those of CuCN. 3c It may be theorized that the lower energy emission in CuCN-L is also the result of lower site symmetry at the Cu(I) center. Since the three-coordinate copper centers in CuCN-L are already bent (and therefore have lower local symmetry), no reorganizational energy is required for emissive relaxation. We have observed in some networks containing both 2-coordinate and 3-coordinate Cu centers that the HE band breaks into separate components at low temperature. 3c show distinct high and low energy emission peaks (HE and LE). These HE and LE emission bands have been variously ascribed to MLCT and MC excitations. In contrast, our TD-DFT studies on isolated model chains suggest that the excitation spectrum appears to arise from intrastrand π-π transitions resulting from excitations from occupied to unoccupied π-type MOs.
Given the similarity in experimental excitation spectra between CuCN and CuCN-L, it appears that the CuCN excitation mechanism is not substantially altered in CuCN-L.
Luminescence emission is a more complicated matter. The behavior of CuCN and CuCN-L are quite distinct. The present computational results suggest that a bent triplet state is responsible for the relatively high energy CuCN emission. This is an interesting conclusion since it suggests the formation of a distinct locus for emission behavior. Additional bonding at this bent copper site, leading to the exciplex and excimer formation previously noted in [Cu(CN)2] -, would thus be facilitated. Moreover, under this scenario the lower energy luminescence emission noted in lower symmetry three-coordinate CuCN centers could be due to the lack of reorganizational energy associated with triplet formation.
[thirty-six more isomers] 
